Abstract. Observations of the redshifted 21 cm line from neutral hydrogen will open a new window on the early Universe. By influencing the thermal and ionization history of the intergalactic medium (IGM), annihilating dark matter (DM) can leave a detectable imprint in the 21 cm signal. Building on the publicly available 21cmFAST code, we compute the 21 cm signal for a 10 GeV WIMP DM candidate. The most pronounced role of DM annihilations is in heating the IGM earlier and more uniformly than astrophysical sources of X-rays. This leaves several unambiguous, qualitative signatures in the redshift evolution of the large-scale (k ≈ 0.1 Mpc −1 ) 21 cm power amplitude: (i) the local maximum (peak) associated with IGM heating can be lower than the other maxima; (ii) the heating peak can occur while the IGM is in emission against the cosmic microwave background (CMB); (iii) there can be a dramatic drop in power (a global minimum) corresponding to the epoch when the IGM temperature is comparable to the CMB temperature. These signatures are robust to astrophysical uncertainties, and will be easily detectable with second generation interferometers. We also briefly show that decaying warm dark matter has a negligible role in heating the IGM.
Indirect detections offer a third possibility, looking for relic signals due to DM annihilation or decay in the local Universe. The difficulty here lies in distinguishing such DM signals from astrophysical ones. Recently, PAMELA discovered a positron excess in the galactic cosmic ray flux above 10 GeV [14] . This was later confirmed by Fermi-LAT [15] and more recently by AMS-02 on-board the International Space Station [16] . While this excess may be explained by m χ ∼ TeV DM annihilations or decays into electron-positron pairs [17] , it may also explained by astrophysical sources such as pulsars [18] or middle-aged supernova remnants [19] .
Alternatively, the detection of monochromatic gamma rays from DM will provide a smoking-gun signal that is very difficult to mimic by astrophysical sources [20] . The tentative discovery of such a signal at ∼ 130 GeV in the Fermi-LAT data in a region-of-interest optimized for particular dark matter distributions towards the Galactic center has spread hopes of a long-awaited clear evidence of a signal [21] . While the statistical significance of the original detection appeared to exclude a statistical fluctuation, the time evolution of the signal did not follow the expected trend [22] . Future observations with a Cherenkov telescope (as, e.g., HESS-II) will have the required sensitivity to independently rule out or confirm the line at 130 GeV.
Indirect detections could also come from the distant Universe. On cosmological scales, the redshifted 21 cm line from neutral hydrogen is sensitive to the density, ionization and temperature of the intergalactic medium (IGM; e.g. [23] ), thus serving as powerful testbed for models of DM annihilations and decays. Ideally, the effects of DM would be studied before the first astrophysical objects formed, during the epoch referred to as the cosmic Dark Ages (z > ∼ 40). The advantage of the Dark Ages is that they provide a clean probe of DM, without astrophysical complications. Unfortunately, direct observations of the Dark Ages in 21 cm will likely have to wait for moon-based interferometers.
Following the Dark Ages, the first galaxies dramatically amplified the 21 cm signal through their soft UV and X-ray radiation. This epoch is commonly referred to as the Cosmic Dawn. The Cosmic Dawn will be easily detectable with upcoming interferometers such as the Square Kilometre Array (SKA) 1 [24] and Hydrogen Epoch of Reionization Arrays (HERA) 2 [25] , and possibly even with the Murchison Widefield Array (MWA) 3 [26] which is currently taking data [27] . At smaller redshifts, in the reionization epoch (z 10), an upper limit on the 21 cm power-spectrum was found by the Precision Array for Probing the Epoch of Reionization (PAPER) 4 : (52 mK) 2 for k = 0.11h Mpc −1 at z = 7.7 [28] , while the Low Frequency Array (LOFAR) 5 has not yet published results.
The Cosmic Dawn presents a great opportunity to search for indirect signatures of DM, before the thermal and ionization state of the IGM became governed entirely by astrophysical sources.
In a previous work [29] , we found that the heating of the IGM through DM annihilations is qualitatively different from the fiducial scenario in which the IGM is heated by X-ray sources in galaxies. DM heating suppresses the very deep absorption feature of the mean 21 cm brightness temperature, δT b , during the Cosmic Dawn. Furthermore, DM annihilation heating is dominated by halos several orders of magnitude smaller than those hosting galax-ies, whose fractional abundance evolves much slower with redshift. Hence DM heating is characterized by a smaller gradient d(δT b )/dν ∼ 4 mK MHz −1 in the range ν ∼ 60 − 80 MHz. Although these signatures are relatively robust, they could in principle be mimicked by ad-hoc tuning of star-formation prescriptions.
In the present work, we propose another method to discriminate between the gas heating produced by DM annihilation and that associated with astrophysical sources. The method exploits the fact that while DM heating is mainly injected from low-mass, early-forming and uniformly distributed halos, heating from stars is driven by galaxies residing in rare, biased peaks of the density field. While the spatial distribution of heating sources does not significantly impact the global signal, the power spectrum can be dramatically different (e.g. [30] ).
In the following, we show how one of the most popular CDM candidates can influence the 21 cm power-spectrum. Similar results can be obtained for any DM candidate that, via annihilation or decay, has a sizable impact on IGM temperature. This paper is organized as follows. In §2 we discuss how we model the cosmological 21 cm signal, including both astrophysical ( §2.1) and DM ( §2.2) heating sources. We present our results in §3, focusing on robust, qualitative signatures of DM annihilation in the evolution of the 21 cm power. We conclude in §4. Finally, in Appendix A we estimate the heating contribution from the decay of popular Warm Dark Matter particles, finding it to be subdominant to astrophysical sources for reasonable scenarios. Unless stated otherwise, we quote all quantities in comoving units. We adopt a cosmology consistent with PLANCK results [2] : 
Modeling the cosmological 21 cm signal
The 21 cm line is associated with the hyperfine transition between the triplet and the singlet levels of the neutral hydrogen ground state. The ratio between the number densities of hydrogen atoms in the singlet (n 0 ) and triplet (n 1 ) ground hyperfine levels can be written as n 1 /n 0 = 3 exp(−T /T S ), where T = 0.068 K corresponds to the transition energy, and T S is the spin temperature defined by the above expression.
In the presence of the CMB alone, T S reaches thermal equilibrium with CMB temperature T γ = 2.73 (1 + z) K on a short time-scale, making the HI undetectable either in emission or absorption. However, collisions and scattering of Lyα photons (the so-called WouthuysenField process or Lyα pumping) can couple T S to the gas kinetic temperature, T K , making the neutral hydrogen visible in absorption or emission depending on whether the gas is colder or hotter that the CMB [31] [32] [33] .
The spin temperature can be calculated as:
where T α is the color temperature, which is closely coupled to T K [32] , and x α and x c are the coupling coefficients corresponding to Lyα scattering and collisions respectively. The observable quantity is the differential brightness temperature between a neutral hydrogen patch and the CMB:
where τ is the optical depth of the neutral IGM at 21(1 + z) cm, δ nl (x, z) ≡ ρ/ρ − 1 is the density contrast, H(z) is the Hubble parameter, dv r /dr is the comoving gradient of the LOS component of the comoving velocity, and all quantities are evaluated at redshift z = ν 0 /ν − 1 (where ν 0 is the 21 cm rest frame frequency).
As seen from the above, the 21 cm signal depends on: (i) the gas density n H , (ii) the kinetic temperature of the gas, T K ; (iii) the ionized fraction x e ; and (iv) the Lyα background intensity J α (since x α ∝ J α ; e.g. [33] ).
The ionization and thermal evolution of the IGM can be computed from:
3)
where
is the total (H + He) baryon number density, α B is the recombination coefficient, Γ ion is the ionization rate per baryon, C ≡ n 2 / n 2 is the clumping factor, k B is the Boltzmann constant, f H(He) is the hydrogen (helium) fraction by number, and p is the heating rate per baryon for process p [34, 35] . In Eq. 2.4, the first term in the right-hand side corresponds to the Hubble expansion, the second corresponds to adiabatic heating and cooling from structure formation, and the third corresponds to the change in the total number of gas particles due to ionizations. In absence of DM heating, the ionization rate per baryon is dominated by the astrophysical contribution, Γ ion = Γ ion, * , while the heating is the sum of two terms: Compton heating from CMB photons, γ (z), and heating from astrophysical X-ray sources, * (z).
Finally, the Lyα background intensity receives contributions from X-ray excitation of H I (J α,X ), and direct stellar emission of photons between Lyα and the Lyman limit (J α, * ):
where the second term is dominant for reasonable models [36] .
Astrophysical sources of ionization and heating
We assume that galaxies hosting UV and X-ray sources reside in atomically cooled haloes with virial temperatures T vir > 10 4 K (corresponding to halo masses of M halo > 3 × 10 7 M at z ∼ 20). We assume a 10% efficiency of conversion of gas into stars [37] . Lyα emission is dominated by early UV sources, assumed to have a typical PopII stellar spectra [38] . The same galaxies produce X-ray emission following a power-law with energy index of 1.5 with a lower limit of 300 eV, and an X-ray efficiency corresponding to 0.2 X-ray photons per stellar baryon. In doing this, we assume that the X-ray emission of early galaxies is similar to that observed from local star-forming ones [39] [40] [41] . The fraction of photon energy going into ionization, heating and Lyα emission is computed according to [42] .
There are many uncertainties associated with the astrophysical parameters mentioned above. A full parameter study (e.g., [27] ) is beyond the scope of this work. Instead, in addition to our fiducial model described above, we also present an extreme model to illustrate the allowed range of uncertainties (as in [29] ). In the extreme model, we take T vir > 10 5 K, assume that galactic X-ray emission is more locally obscured (with only photons with energies > 900 eV escaping the galaxy), and take an X-ray efficiency corresponding to 2000 X-ray photons per stellar baryon. Thus in our extreme model, primordial galaxies, albeit rarer and appearing later, were much more efficient in generating hard X-rays, saturating the unresolved soft X-ray background by z ∼ 10 [43].
Dark Matter heating
We now summarize how we include DM annihilations in the IGM evolution equations described in the previous section. For further details, the reader is encouraged to see, e.g., [29] .
High-energy electrons and positrons injected into the IGM through DM annihilations are quickly cooled down to the ∼keV scale mostly through inverse Compton cooling (see, e.g., [44, 45] ). As discussed above for secondary electrons from X-ray ionizations, once the annihilation-induced shower has reached the keV energy scale it can (i) ionize the IGM; (ii) induce Lyman-excitations, and (iii) heat the plasma.
The energy deposition rate per baryon (in erg/s) for DM annihilation can be expressed as:
where m χ (m p ) is the DM (proton) mass, and σv is the annihilation cross section averaged over the velocity distribution. Non-linear, virialized substructures enhance the DM self-annihilation rate (with respect to the large-scale density field), thus significantly increasing the rate of energy deposition at redshifts z < ∼ 50. Following [46] we include non-linear structures through the parameter, B(z), describing the average DM density enhancement from collapsed structures. We evaluate B(z) using the Press-Schechter mass function [47] formalism and assuming a NFW [48] halo profile. This procedure relies on modeling the halo mass function many orders of magnitude below scales accessible through observations or cosmological simulations. We parameterize this uncertainty through the minimum halo mass, M h,min . This is usually chosen to be the free-streaming mass, M fs , which strongly depends on the assumed interaction type and mass of the DM particles. Modeling of the kinetic decoupling of WIMPs in the early Universe showed that the smallest halos to be formed range between 10 −9 and almost 10 −3 solar masses [49] . In order to estimate the associated uncertainty we show results for three values of M h,min within this range.
We find that B(z) can be well-fit (at the ∼ 1% level for z < ∼ 100), with:
with 3 free parameters, b h , δ and z h , whose values are given in Table 1 for the different values of M h,min adopted. When the substructure contribution is important, the DM energy deposition is driven by M halos [29] . These tiny halos can be treated as uniformly distributed on the large scales ( > ∼ 10 Mpc) of interest here. Our fiducial CDM candidate is a light WIMP with leptonic (µ + µ − ) coupling and an annihilation cross-section compatible with thermal production σv = 10 −26 cm 3 s −1 . Such a model has been invoked to explain a promising signal from the Galactic center and, moreover, it would be in the mass range compatible with recent claims of low-energy signals from DM direct detection if a sub-dominant hadronic component is additionally present [50] . The most recent constraints on a 10 GeV WIMP cross section, obtained by combining CMB measurements from Planck, WMAP9, ACT, and SPT, and assuming annihilation products of muons (electrons), is σv < ∼ 4.3 (1.5) × 10 −26 cm 3 s −1 [51] .
2.3 × 10 6 18.6 1.48 Table 1 . Parameters used to determine the structure boost-factor (see Eq. 2.7).
Armed with eq. 2.6, we can express the additional contribution to the IGM evolution equations (2.3-2.5) from DM annihilations:
and
where E 0,HI (E 0,HeI ) is the ionization energy of hydrogen (helium), λ α is the Lyα wavelength, and f ion,HI , f ion,HeI , f h , f α are the energy fractions deposited into hydrogen ionization, helium ionization, heating and Lyα excitations, respectively. These energy fractions are computed according to [45] , whose results are consistent within 20% to the analytic calculation taking into account photon redshifting from [44] .
Simulations
Since we are simulating an interferometric signal, we must model inhomogeneous ionizations and heating, integrating the evolution of cosmic structures and radiation fields along the light cone. For this purpose we use the public code 21cmFAST 6 , which generates cosmological density, and astrophysical radiation fields. Our simulation boxes are 600 Mpc on a side, with a resolution of 400 3 . We modify the code to include the additional (homogeneous) contribution from DM annihilations, as described above. For further details and tests of the code, interested readers are encouraged to see [35, 52, 53] .
Results

Rates
Before presenting estimates of the 21 cm signal, we compare the relative contribution of astrophysical sources and DM annihilations to the evolution of the IGM. In the right panel of Figure 1 we show the heating rates per baryon from DM annihilations, together with astrophysical X-ray heating. As already noticed in [29] , the heating rate from astrophysical sources of X-rays evolves much steeper with redshift than the DM heating. This is expected since the fractional increase of the collapsed fraction in 1 M haloes, which drive the DM heating, is much slower than the fractional increase in the high-end tail of the mass function (i.e. the haloes which host the first galaxies). This translates to a shallower redshift gradient of the mean signal, for models in which DM annihilations dominate the IGM evolution [29] . For our three fiducial choices of M h,min , the heating from fiducial astrophysical sources exceeds that of DM annihilations at z < 10 (M h,min = 10 −9 ), z < 13 (M h,min = 10 −6 ) and z < 17 (M h,min = 10 −3 ). In the extreme model, the astrophysical X-ray heating is dominant already at earlier redshifts (z ∼ 20).
From the right panel of Figure 1 , we see that the fiducial Lyα background from astrophysical sources dominates over the DM-induced one up to z < ∼ 25-30 (note that the extreme astrophysical model has a lower soft UV emissivity than the fiducial one). Hence, compared to astrophysical sources, DM annihilations have a larger contribution to heating the IGM than they do to WF coupling. As we see below, this means that DM annihilations are not coupling the 21 cm spin temperature with the gas temperature efficiently, except for the lowest M h,min model.
Global signal
Before moving on to the power spectrum, in Figure 2 we show the evolution of the mean 21 cm brightness temperature, highlighting the relevant epochs. Without DM annihilations (black-solid line), the global 21 cm signal has the following milestones (e.g., [23] ):
1. At much higher redshifts (z > ∼ 50) than shown in Figure 2 , the IGM is dense enough that the spin temperature is uniformly coupled to the gas kinetic temperature because 4. Subsequently, X-rays from galaxies heat the IGM. As the gas temperature surpasses T γ , the 21 cm signal changes from absorption to emission (at around z ∼ 12 here).
5. Finally, the IGM is reionized, and the signal again approaches zero.
This scenario would change considerably if we allow for DM heating. Firstly, the additional heating at very high redshifts can place T K on a higher adiabat already during the collisional decoupling era. This dampens the depth of the absorption trough at z ∼ 20-30. Secondly, if DM annihilations contribute to Lyα pumping and heating, the signal would show a more gradual evolution during the absorption epoch.
The main result is the damping and smoothing of the absorption feature observed at 16 < z < 30 in the fiducial model. In particular, depending on the assumed M h,min , the However, a similar qualitative trend is also present in the extreme astrophysical model described in Sec. 2.1, in which we allow for an enhanced production of hard X-rays. This partial degeneracy makes is difficult to extract a robust signature of DM annihilation heating from the global signal. In the next Section we show that the different spatial distribution of the relevant heating sources allows to discriminate between the two scenarios.
Power-spectrum
As our main observable, we use the spherically averaged power spectrum:
where δ 21 (x, z) ≡ δT b (x, z)/δT b − 1. Our default power spectrum bin width is d ln k = 0.5.
In Figure 3 , we show the redshift evolution of the k = 0.1 Mpc −1 mode of the 21 cm power spectra for the same models shown in Figure 2 . This scale roughly corresponds to the narrow window of k-space accessible to the first generation interferometers (e.g. [55, 56] ). In order to predict the detectability of the signal, we also show 1σ thermal noise corresponding to a 1000h, single-beam, observation with some upcoming and current instruments (taken from [54] ). The redshift evolution of the large-scale 21 cm power is characterized by three peaks, corresponding to (from high to low z): (i) WF coupling (fluctuations in J α ); (ii) X-ray heating (fluctuations in T K ); (iii) reionization (fluctuations in x i ). The earlier peaks (especially the X-ray heating one) are larger, sourced by the larger available contrast during the absorption epochs. Increasing the X-ray efficiency mainly shifts the X-ray heating peak to earlier epochs. If X-ray heating occurs early enough, it overlaps with the Lyα pumping epoch, decreasing the associated peak in power [54] . Similarly, if galactic sources are characterized by hard ( > ∼ 1keV) X-rays with long mean free paths, the heating would be much more uniform, again decreasing the associated peak in power [36, 41] .
DM annihilations can impact this picture in several ways. The annihilation products from DM have a larger fractional contribution (compared with astrophysical sources) to the IGM heating rate than the Lyα coupling (see Fig. 1 ). Hence, the DM imprint is more evident in the middle peak corresponding to the temperature fluctuations during the heating era.
If DM annihilations were indeed important contributors, IGM heating would (i) start early and (ii) be more uniform, as discussed above. These two attributes of DM heating have three, robust, qualitative signatures in the 21 cm power spectrum evolution. Firstly, the early heating raises the IGM temperature to values in excess of those reached through adiabatic cooling. Therefore the contrast between the higher T K and T γ is reduced. Moreover, the uniformity of the DM heating does not source large-scale temperature fluctuations. The resulting temperature contrast during the heating epoch and the associated 21 cm peak in large-scale power amplitude is greatly reduced. In fact, with DM annihilations the heating (middle) peak in the evolution of 21 cm power can be lower than the other two peaks (associated with WF coupling and reionization). This qualitative signature is very difficult to mimic with astrophysics, requiring unrealistically hard X-ray spectra (e.g. [41] ).
Secondly, models in which DM annihilations heat the IGM to temperatures T S > T γ alone (i.e. without astrophysical sources), result in a dramatic drop in large-scale power between the WF and heating epochs. This is evident in our model with M h,min = 10 −9 M . In this model, the IGM is pre-heated by annihilations before the astrophysical sources start to contribute. Because this heating is uniform, there are no associated large-scale temperature fluctuations to dominate the 21 cm power when T S = T γ and the mean signal is δT b = 0 (e.g., [57] ). This is further illustrated in Fig. 4 , where we plot the cumulative distribution functions (CDFs) of T γ /T S , at the redshift when T S ∼ T γ in each model. Models in which the DM annihilations have a stronger contribution to heating result in smaller spatial fluctuations in the IGM temperature.
The third imprint of DM annihilations on the 21 cm signal is even more unambiguous. Even if uniform heating by DM dominates, patchy heating driven by astrophysical sources will eventually imprint (some) large-scale temperature fluctuations. The middle peak in the 21 cm power evolution is always set by astrophysical sources (note that in Fig. 3 it always occurs roughly at the same redshift for a given astrophysical model). However, since DM annihilations pre-heat the IGM, the X-ray heating peak occurs when the IGM is already in emission against the CMB. This cannot be mimicked by astrophysics! Without DM heating, the peak in 21 cm power amplitude associated with X-ray heating always occurs when the IGM is in absorption against the CMB, when the temperature distribution is broadest. This signature represents a further motivation for combined all-sky and interferometric observations of the 21 cm signal.
Conclusions
We investigate the impact of DM annihilations on the cosmological HI 21 cm signal. As our fiducial DM candidate we take a 10 GeV WIMP annihilating in µ + µ − with a thermal cross-section.
Building on the public 21cmFAST code, we compute the redshift evolution of the largescale (k ≈ 0.1 Mpc −1 ) 21cm power during the Cosmic Dawn. We find that it is easiest to isolate the imprint of DM annihilations during the epoch when the IGM was heated to temperatures exceeding that of the CMB. The DM annihilation contribution to this heating epoch can easily exceed that of astrophysical X-ray sources.
Astrophysical sources are hosted by highly-biased galaxies, whose clustering imprints large-scale temperature fluctuations. On the other hand, DM annihilations occur relatively uniformly, driven by small-mass, early appearing halos. This means that they uniformly heat the IGM at very high redshifts (z > ∼ 20), providing a temperature floor that damps the subsequent galaxy-driven fluctuations. This results in two robust signatures of DM heating in the redshift evolution of the amplitude of the large-scale 21 cm power:
• the second local maximum (associated with IGM heating) is lower than the other two (corresponding to reionization and Lyα pumping);
• this local maximum occurs when the 21 cm global signal is in emission with respect to the CMB.
While the former of these could be mimicked by astrophysical heating with very hard Xrays (a highly unlikely scenario; [41] ), the later cannot be mimicked by astrophysics. These signatures can easily be detected by second-generation instruments, such as HERA and SKA.
Moreover, models in which DM annihilations dominate IGM heating (e.g. our M h,min = 10 −9 M model), are also characterized by a dramatic drop in the power spectrum amplitude at the redshifts when T S ∼ T γ . In such scenarios, the DM annihilations heat the IGM well before the clustering of galactic X-ray sources manages to imprint large-scale temperature fluctuations in the IGM. A null detection in that redshift range by interferometers it will provide exciting evidence of DM annihilation driven pre-heating.
More generally, the same qualitative trends are expected for any exotic model providing a uniform heating with a ∼ 10 −30 erg/s heating rate at epochs before the first galaxies. This possibility is within a number of the DM supersymmetric candidates proposed in natural extensions of the SM. Furthermore, non-thermal DM production or some other mechanism, such as Sommerfeld enhancement [44] , can motivate considerably higher annihilation crosssections than the thermal relic value considered here.
A Heating by WDM decay
Over the last decade, warm dark matter (WDM) has been repeatedly proposed as an alternative to CDM. For a given value of m χ and associated degree of freedom g d , DM particles can free-stream over the scale (assuming a relativistic thermal relic) thereby suppressing structures on smaller scales, and helping explain observations of local dwarf galaxies. A popular WDM candidate is the ∼keV sterile neutrino [58] . Such a particle is predicted to decay into a lighter neutrino and a photon producing a narrow line in the X-ray spectrum at an energy equal to half the mass of the decaying neutrino. The released ∼keV photon quickly deposits its entire energy into the IGM [59] , at a rate of:
where τ χ is the particle life-time and it is dependent on the mass and on the contribution to relic abundance, Ω s , as given by numerical simulations [60] : We assume that the sterile neutrino density dominates the observed DM (Ω χ ) abundance, hence Ω νs = Ω χ , and that it is a thermal relic. Current measurements place limits of m wdm > ∼ 1 − 3 keV [61] [62] [63] [64] [65] , with various degrees of astrophysical degeneracy. We show the associated heating rates in Fig. 5 . Unlike for CDM annihilations, the WDM decay heating rate is always lower than the adiabatic cooling rate. Hence WDM decays do not have an notable imprint on the 21 cm signal. Heating rates produced by WDM decay and compared with astrophysical heating rates in the fiducial astrophysics model. The adiabatic cooling rate is shown with a dotted curve. Note that also the astrophysical heating rates depend on the particle mass since the abundance of X-ray halos is affected by the power-spectrum suppression induced by WDM free-streaming. Heating through WDM decays is always sub dominant to adiabatic cooling.
Note that in addition to energy injection into the IGM through decays, WDM modifies the 21 cm signal through the associated suppression of halos hosting early galaxies. This imprint could be detectable with upcoming interferometers [30] .
